Objective: Significant alterations of the vascular wall occurs in abdominal aortic aneurysm (AAA) and atherosclerotic occlusive disease (AOD) that ultimately may lead to either vascular rupture or obstruction. These modifications have been ascribed to one or a group of proteases, their inhibitors or to the matrix macromolecules involved in the repair process without considering the extent of the observed variations. Methods: The mRNA steady-state level of a large spectrum of proteolytic enzymes (matrix metalloproteinases: MMP-1, -2, -3, -8, -9, -11, -12, -13, -14; urokinase plasminogen activator: u-PA), their physiological inhibitors (tissue inhibitors of MMPs: TIMP-1, -2, -3; plasminogen activator inhibitor: PAI-1) and that of structural matrix proteins (collagens type I and III, decorin, elastin, fibrillins 1 and 2) was determined by RT-PCR made quantitative by using a synthetic RNA as internal standard in each reaction mixture. The profile of expression was evaluated in AAA (n57) and AOD (n55) and compared to non-diseased abdominal (CAA, n57) and thoracic aorta (CTA, n55). Results: The MMPs -8, -9, -12 and -13 mostly associated with inflammatory cells were not or barely detected in CAA and CTA while they were largely and similarly expressed in AAA and AOD. Expression of protease inhibitors or structural proteins were only slightly increased in both pathological conditions with the exception of elastin which was reduced. The main significant difference between AAA and AOD was a lower expression of TIMP-2 and PAI-1 in the aneurysmal lesions. Conclusions: The remodeling of the aortic wall in AAA and AOD involves gene activation of a large and similar spectrum of proteolytic enzymes while the expression of two physiological inhibitors, TIMP-2 and PAI-1, is significantly lower in AAA compared to AOD. The repair process in the aneurysmal disease seems similar to that of the occlusive disease.
. Introduction
tion of lipids, matrix proteins and cells, ultimately interrupts the blood flow [1] . In contrast, AAA is characterized Abdominal aortic aneurysms (AAA) and atherosclerotic by a preserved blood flow, enlargement of the blood vessel occlusive diseases (AOD) arise from a common basic and, eventually, its rupture which is related to a fragmentamechanism, atheroma, but their outcome is different. In tion and rarefaction of the elastic lamellae [1] . We previ-AOD, the outer diameter of the vessel is preserved and the ously showed that the elastin loss is an early event in the medial layer remains largely intact while a progressive course of the aneurysmal disease while the collagen narrowing of the lumen, resulting from intimal accumulaconcentration remained unchanged reflecting a compensatory adventitial fibrosis [2] . The AAA is also characterized by a medial and adventitial infiltration by inflammatory aorta presenting weak or not clinically observable atherocells while this infiltration occurs mainly in the intima of sclerosis was obtained during coronary bypass surgery in the AOD [3] . Matrix metalloproteinases (MMPs) can seven patients (mean age, 65 years; range 54-74 years). collegially degrade all the components of the extracellular Clinically normal abdominal aortas were collected from matrix. Secreted as inactive zymogens, MMPs are proseven patients deceased of non-vascular disease (mean age, cessed into their active forms by other MMPs or serine 60 years; range 51-74 years). The study was approved by proteases such as plasmin. Plasmin itself results from the the local Ethic Committee and conforms with the princiactivation of plasminogen by plasminogen activators ples outlined in the Declaration of Helsinki. (urokinase-type: u-PA; and tissue-type: t-PA), a reaction controlled by the plasminogen activator inhibitor (PAI-1).
.2. RNA isolation and quantitative RT-PCR procedure
The MMPs activity is further controlled by physiological inhibitors, the tissue inhibitors of metalloproteinases After isolation [10] , RNA concentration was measured (TIMPs) [4, 5] . The involvement of proteases / antiproteases by a fluorimetric assay (SpectraMax, Gemini-XS). Pairs of in AAA and AOD is well documented in aneurysmal RT-PCR primers (see Table 1 ) were selected according progression and plaque instability [6] . Data are however with the following criteria: (i) a high and similar annealing sometimes conflicting and most often restricted to one or a temperature; (ii) minimum complementarity between few of the potential actors in the pathomechanism of the primer sequences; and (iii) localization on different exons. lesions.
For each investigated mRNA, a synthetic RNA (sRNA) The extensive remodelling of the aortic wall seen in was generated, according to previously published works AAA and AOD involves both degradation and synthesis of [11] [12] [13] , in order to monitor in each tube the efficiency of structural matrix proteins. The biomechanical properties of both the reverse transcription and the amplification rethe vessel largely depend on the adequate proportion of actions. The sRNAs give rise to products of a size slightly collagen, responsible for the tensile strength of the wall, different from that of the endogenous mRNA (Table 1 and and elastic fibers forming its extensile network [7] . A Fig. 1 ). RT-PCR was performed under non-competitive compensatory repair process has been documented in conditions in an automated system (GeneAmp PCR Syshuman AAA and AOD [8] as well as in animal models [9] . tem 9600, Perkin-Elmer) using the GeneAmp ThermoIn order to evaluate the respective implication of stable rTth Reverse Transcriptase RNA PCR kit (Perkinproteolysis, antiproteolysis and repair processes in normal Elmer), specific pairs of primers (5 pmol each), 5 ng of aorta and in AAA and AOD, we devised a sensitive and total cellular RNA and a known copy number of sRNA per quantitative reverse transcription-PCR (RT-PCR) proce-25 ml reaction mixture. The RT step (70 8C for 15 min) 21 dure to compare in the same series of samples the mRNA using the antisense primer in presence of Mn was steady-state level of a panel of the most representative followed by addition of the sense primer in presence of 21 proteolytic enzymes, their inhibitors and the main structurMg (i) 2-min incubation at 95 8C, (ii) PCR amplification al matrix macromolecules. Large differences occurred in for the adequate number of cycles and (iii) a final the pathological samples as compared to control tissues. elongation step of 2 min at 72 8C. The PCR conditions for Besides a decreased level in elastin mRNA in AAA and the amplification of most cDNA were: 94 8C for 15 s; AOD, a similar increase in the expression of all the tested 66 8C for 20 s; and 72 8C for 10 s. For MMP-3, -11 and genes is observed in both diseased aorta except for a -13, conditions were: 94 8C for 15 s, 63 8C for 30 s and significantly decreased expression of two proteases in-72 8C for 30 s. The RT-PCR products were resolved on hibitors, PAI-1 and TIMP2, in AAA and a complete 10% polyacrylamide gels and quantified (Fluor-S-MultiImabsence of active or latent MMP-9 observed by zymogager, BioRad) after staining (GelStar dye, FMC BioPraphy in AOD.
roducts). Each sample was analysed in duplicate. The optical density of the endogenous RNA was normalized by the value of the sRNA (see Fig. 1 The analysis of tissue homogenates of CAA, AAA and patients (mean age, 67 years; range 55-82 years). All AOD was performed by the procedure described earlier patients were asymptomatic at the time of surgery. The [14] . mean size of the aneurysms was 58 mm (range 39-80 mm). Atherosclerotic occlusive aortas were harvested 2 .4. Statistics during surgery for infrarenal occlusive disease in five patients (mean age, 63 years; range 50-70 years). Thoracic
Statistical differences among groups were tested by MMP, matrix metalloproteinase; TIMP, tissue inhibitor of matrix metalloproteinase; u-PA, urokinase plasminogen activator; PAI, plasminogen activator inhibitor; a1(I), a1 chain of type I collagen; a1(III), a1 chain of type III collagen; 28S, 28S ribosomal RNA; sRNA, synthetic RNA used as internal standard for RT and PCR reactions.
one-way ANOVA after normalization using neperian Log.
abdominal aortic aneurysms (AAA) and five aortic occlu-A probability value #0.05 was considered as significant.
sive diseases (AOD) in the same run of RT-PCR. The electrophoretic pattern of the RT-PCR products of MMP-9 mRNA, that of ribosomal 28S rRNA and their respective 3 . Results sRNA is illustrated in Fig. 1 as a representative example. Each sample was analyzed in duplicate. A large increase of 3 .1. RT-PCR assay MMP-9 mRNA in the diseased vessels (AAA, AOD) compared to control aorta (CTA, CAA) was observed The mRNA levels of the selected genes were determined while the signals for sRNA and cellular 28S rRNA were using total RNA purified from seven control thoracic aorta almost constant. This assay allows a quantitative and (CTA), seven control abdominal aorta (CAA), seven comparative titration of specific mRNA in specimens displaying an extended range in level of expression. The wall. Even though the pathological aortic samples will accuracy and reliability of this procedure has been reported only be compared to CAA, the data concerning CTA are previously [11] [12] [13] .
provided to support the reliability of the procedure and as information that might be useful to others. The mRNAs from the diseased aorta (AAA and AOD) lected structural matrix macromolecules, were measured in were reverse-transcribed, amplified and measured simulclinically normal segments of aorta at two different taneously with the control tissues (CAA and CTA) as locations, thoracic (CTA) and abdominal (CAA). No illustrated in Fig. 1 for MMP9. Amplification products of significant difference was observed between the two types the investigated mRNAs were detected in most samples of of samples (Table 2) . It is worth noting that MMP-3, as the pathological vessels. The exceptions were MMP-3 well as MMP-8, -9 and -12, most often associated with found in only two AAA while other MMPs were sporadiinflammatory cells, were generally not or barely detected cally absent (Fig. 3) . The mean mRNA level of all the as seen from the individual values illustrated in Fig. 2 .
MMPs and that of the inhibitors were always higher in Since the efficiency of the amplification process lies AAA and AOD than in the CAA (ratio .1), except TIMP2 within the same order of magnitude for each individual and PAI-1 in AAA ( Table 3 ). The main and most primer pair, as judged from results obtained from a known significant differences, when compared to control tissue, copy number of the various sRNA (data not shown), the were observed for MMP-8, -9, -11, -12, -13 and u-PA. In relative abundance of each mRNA can be roughly estiour groups of samples, MMP-3 is regularly undetectable, mated from the number of cycles of PCR required to except in two AAA. MMP-8 is expressed in several obtain measurable amplification products (Table 2 ). This pathological specimens and only in two controls. A nonindicates that the mRNAs for structural proteins and for significant increase of mRNA coding for structural proteins TIMPs, requiring less amplification cycles, are more was observed similarly in both pathological (AAA and expressed than most of the MMPs. The values reported in AOD) aorta by comparison with normal aorta except for Table 2 can be considered as representative of the phenoelastin mRNA, which was reduced in both pathologies type of the resident cells in non-diseased late adult aortic although to a non-significant level (Fig. 3 ). MMP2 and its activator MMP14 were also slightly increased (not significant) by a factor of two. The only differences that reached As illustrated in a representative zymogram (Fig. 4) abdominal (CAA) aorta compared to samples of AAA or AOD. The mRNA level of proteolytic enzymes (MMPs, Our sensitive procedure provided quantitative and comu-PA), their inhibitors (TIMPs, PAI-1) and that of the most parative data for samples expressing an extended range in abundant structural proteins found in the aortic wall was mRNA levels and permitted to estimate differences in measured by RT-PCR. This procedure was made quantitaexpression more precisely than other assays [16] . tive by adding in each sample a known copy number of specific synthetic RNAs as internal standards [11] [12] [13] .
4 .2. Definition of the biosynthetic phenotype of normal Such standards, co-reverse transcribed and co-amplified aorta with the cellular mRNA using the same primers, allow to monitor the efficiency of both the reverse-transcription and
The thoracic (CTA) and abdominal (CAA) aorta display the amplification steps, which is not the case with the a very similar biosynthetic phenotype with a significant cDNA standards such as those used by Carrell et al. [15] . expression of the structural proteins, including elastin and fibrillins which are involved in the maintenance of the 4 .3. Expression of the MMPs in AAA and AOD matrix in the vessel, in agreement with previous observations [17] . The mRNA of the MMPs known to be induced
The genes that are expressed at a significant level (#31 in the context of inflammation (MMP-8, -9 and -12) and cycles) in the control tissues (CAA and CTA) tend to be that of MMP-3 are not expressed to a significant level in higher in AAA or AOD as are MMP-2 and -14, the the control specimens. By contrast, the mRNAs of the TIMP-1 and -3 and the structural proteins. These genes MMP inhibitors (TIMPs) are produced as well as the participate in the biosynthetic phenotype of the resident plasminogen activator u-PA and its inhibitor, PAI-1. cells in the normal tissue. Their tendency to increase in the velopment [18] . The similarly increased [19, 20] or an even Besides its collagenolytic activity, MMP-13 can degrade a diseased vessels might be related to an activation of the broad spectrum of matrix proteins and activate other biosynthetic activity of the SMC. This activation is likely MMPs [23] suggesting its central role during the evolution to be underestimated in the lesional tissues by dilution with of these diseases. Collagenase-2 (MMP-8), a most effec-RNA coming from blood born cells and by the rarefaction tive collagenase to initiate type I collagen degradation not of SMC, at least in AAA. Disruption and degradation of detected in the study of Carrell et al. [15] , was present in elastic lamellae in the media is a prominent feature of eight out of our 12 patients, while barely detected in the AAA that occurs early in the course of the disease [2] and controls. As polymorphonuclear neutrophils are almost the implication of MMP-9 in its development is clearly absent in the AAA [14] and AOD [3] , MMP-8 could be supported by animal experimentation. Using mice with produced by the endothelial cells, the SMC or the macrophages, as supported by its recent detection in vulnerable atherosclerotic plaques and SMC in culture [24] . An intriguing observation in our samples is the very low amount of MMP-3, requiring the highest acceptable number of amplification cycles for detection, expressed in only two AAA samples, and absent in all control and AOD specimens. Although we basically agree with the conclusion of Carrell et al. [15] that MMPs are involved in the pathomechanisms of AAA development, our results do not support a specific role of MMP-3 in this process.
.4. Imbalanced expression of the inhibitors
When compared to the strikingly similar overexpression of most genes in AAA and AOD, two gene products make the exception, TIMP2 and PAI-1. For both mRNAs, the statistically significant difference that we observed results of a non significant reduction in AAA compared to CAA and a non significant increase in AOD. Since u-PA and MMP-8, -9, -12 and -13 mRNAs are largely increased in TIMP2 are lower in AAA as compared to AOD, it could be suspected that the functional balance of proteolysis / for alterations of the biomechanical properties of the antiproteolysis is altered in AAA. This consideration is vessel. Again, the lack of difference between AAA and 2 2 2 2 supported by observations in the apoE / , plau / (u-PA AOD is striking. invalidated) double KO mice in which u-PA deficiency
The transcriptional profiling for the three groups of protects against media destruction and aneurysm formation genes reported in this study has been performed under [25] . Moreover, local overexpression of PAI-1 demonconditions of amplification that allow a direct comparison strates the same type of protective potential and a debetween control aortic samples and the two pathologies. In creased MMP9 activity [26] . The reduction of TIMP2 may our procedure the range of variations, although quite also participate in the increased proteolysis in AAA. A extensive (in the order of a few hundred times between the significantly different polymorphic allele frequency in lowest and the highest value for each mRNA), is much male AAA found in the coding region of TIMP2 is smaller than those observed by Carrel et al. (up to 10 000 intriguing and deserves further investigations [27] . Furthertimes) [15] . This variability within each group of samples more, TIMP2 at low concentration participates in associais multifactorial and potentially related to the genetic tion with MMP14 to the activation of MMP2 [28] . We heterogeneity of the human race, additional pathologies or previously showed that a significant part of the MMP2 was their therapy, and possible minor clinically non-apparent present in the AAA wall under an activated form [14] . The defects related to aging in the control samples. In the role of stromelysin-3 (MMP-11), moderately but signifipathological specimens, the extent of heterogeneity is cantly increased in AAA and AOD, is putative since the caused by similar factors probably enhanced by genetic only known substrate of this MMP is the a1-proteinase differences in the transcriptional efficiency of some of the inhibitor (a1-AP) [29] , a serine elastase inhibitor also tested genes [36, 37] . Furthermore, AAA and problably known for its antiapoptotic activity [30] . Since patients AOD are heterogeneous not only in terms of size but also with a1-AP deficiency present multiple aneurysms and in metabolic activity as we recently demonstrated by PET emphysema by elastolysis in the lung [31] , its potential scan imaging [38] . Additionally, each of the specimens is significance in the aneurysmal disease also merits further not uniform but made of a mosaic of zones in which the investigation.
pathological process displays different levels of activity. It has been observed that MMP-9 is found in its
Our recent results (unpublished data) in one ruptured AAA precursor and activated form in AAA [14] 
while neither
show that the level of MMPs (-1, -2, -9, -12 and -14) the proMMP-9 nor the activated MMP-9 are detected by decreases as a function of the distance in samples collected zymography in AOD ( [32, 33] and our data). Vine and progressively away from the site of rupture while the Powell [34] have observed that the elastolytic activity of m-RNA of MMP-3, -8 and -11 was either absent or the homogenates of AAA and AOD increases largely upon significantly high in the same series of samples. This could treatment of the extracts by KSCN to release the proteases also explain some of the differences between the published from their complex with a -macroglobulin (a M). The data and our work. 2 2 lack of MMP-9 (pro-and activated) in our samples of Our study investigated the simultaneous implication of AOD might be related to a similar process. Beside its large three biological processes, proteolysis, anti-proteolysis and amount of liver origin in the plasma, a M is also produced repair, in the AAA and AOD. Altogether, our results 2 by macrophages mainly upon cytokine stimulation [35] . As obtained by measuring mRNA to evaluate gene expression observed in vitro the secreted proteinases might react with show that, when compared to the basal physiological the secreted a M to form complex catabolized by the phenotype of clinically normal age-matched aortas, both 2 macrophages. If such a process occurs in AOD and not in the aneurysmal and the atherosclerotic lesions are similarly AAA as suggested in our zymograms, it might explain the characterized by a largely increased proteolytic repertoire divergent evolution of the blood vessel wall in these which is not compensated by a similar increased level of diseases. Further work is progressing to clarify this issue.
proteases inhibitors and structural proteins involved in the repair process. The profile of mRNA expression of 18 4 .5. Extracellular matrix proteins genes is quite comparable in AAA and AOD, while only two genes, TIMP-2 and PAI-1, significantly differ between The mRNA level of the structural proteins involved in the two pathologies. These observations suggest a signifithe formation and maintenance of the resistant collagen cant role for proteinase inhibitors during the divergent framework of the wall was slightly increased in AAA and evolution of AAA and AOD. AOD by comparison to control aorta. It could represent the expression of a repair mechanism performed by the resident cells, fibroblasts and SMC [8] . The lower than A cknowledgements normal expression of the elastin gene associated with an increased collagen and decorin expression suggests in both
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